ABSTRACT Like other species of Drosophila, Drosophila pseudoobscura has a distinct bias toward the usage of C-and G-ending codons. Previous studies have indicated that this bias is due, at least in part, to natural selection. Codon bias clearly differs among amino acids (and other codon classes) in Drosophila, which may reflect differences in the intensity of selection on codon usage. Ongoing natural selection on synonymous codon usage should be reflected in the shapes of the site frequency spectra of derived states at polymorphic positions. Specifically, regardless of other demographic effects on the spectrum, it should be shifted toward higher values for changes from less-preferred to more-preferred codons, and toward lower values for the converse. If the intensity of natural selection is increased, shifts in the site frequency spectra should be more pronounced. A total of 33,729 synonymous polymorphic sites on Chromosome 2 in D. pseudoobscura were analyzed. Shifts in the site frequency spectra are consistent with differential intensity of natural selection on codon usage, with stronger shifts associated with higher codon bias. The shifts, in general, are greater for polymorphic synonymous sites than for polymorphic intron sites, also consistent with natural selection. However, unlike observations in D. melanogaster, codon bias is not reduced in areas of low recombination in D. pseudoobscura; the site frequency spectrum signal for selection on codon usage remains strong in these regions. However, diversity is reduced, as expected. It is possible that estimates of low recombination reflect a recent change in recombination rate.
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The relative usage of synonymous codons varies among genes within an organism. In some organisms (e.g., humans), this variation may largely reflect base composition variation across the genome (Bernardi et al. 1985; Kliman and Bernal 2005) . In many organisms, however, natural selection appears to directly influence codon usage, with positive correlations between the levels of codon bias and gene expression that are consistent with selection on transcriptional efficiency and/or fidelity (Chavancy et al. 1979; Gouy and Gautier 1982; Ikemura 1985; Akashi 1994; Moriyama and Powell 1997; Kliman and Henry 2005; Plotkin and Kudla 2011) . This relationship was first reported for Drosophila by Shields et al. (1988) , and numerous studies using diverse approaches have supported the hypothesis that natural selection influences codon usage in several Drosophila species (Kliman and Hey 1993; Akashi and Schaeffer 1997; Carlini and Stephan 2003; Haddrill et al. 2011; De Proce et al. 2012) . Effective weak selection on codon usage requires a sufficient effective population size to overcome the effects of genetic drift [although see Hershberg and Petrov (2008) , who point out that selection on codon usage may not be always be weak]. However, evidence has been emerging that natural selection may even be influencing codon usage in humans (Lavner and Kotlar 2005) , mammals more generally (Yang and Nielsen 2008) , and other vertebrates (Doherty and McInerney 2013) .
Among the studies supporting the hypothesis that selection influences codon usage are (1) those that show shifts in the site frequency spectra (SFS) of derived states at synonymous polymorphic sites, such that the SFS is shifted toward higher values for changes to more preferred codons (Akashi and Schaeffer 1997; Kliman 1999; Llopart et al. 2008); and (2) those that show significantly reduced codon bias in areas of the genome with very low recombination rates (Kliman and Hey 1993; Hey and Kliman 2002) . The latter is consistent with the expectation that natural selection will be less effective in the absence of recombination due to linkage disequilibrium among targets of selection; these are often in repulsion due to independent emergence of selectively favored or disfavored mutations on different copies of a chromosome in a population (Hill and Robertson 1966; Felsenstein 1974; McVean and Charlesworth 2000; Comeron et al. 2008) . Limited recombination among targets of selection is also predicted to lead to reduced diversity, whether by selective sweeps that wipe out standing variation (Maynard Smith and Haigh 1974; Gillespie 2000) or by background selection against continually arising deleterious mutations that prevent diversity from accumulating in the first place (Charlesworth et al. 1993; McVean and Charlesworth 2000) . This prediction was most notably confirmed by Begun and Aquadro (1992) in D. melanogaster and has been corroborated by subsequent studies in Drosophila (Comeron et al. 2012 ) and other organisms [reviewed by Nachman (2002) and Stephan (2010) ].
These earlier studies often relied on estimates of recombination rate derived by fitting recombination maps to physical maps, using a variety of line-or curve-fitting approaches. The advent of "nextgeneration" DNA-sequencing methods has allowed investigators to identify numerous single-nucleotide polymorphisms that can be used in testcrosses to directly estimate recombination rate at a fine scale. Cirulli et al. (2007) directly estimated recombination rates across a section of the D. pseudoobscura X chromosome and found considerable heterogeneity in recombination rate. Kulathinal et al. (2008) showed that estimates of recombination rate at finer scales (i.e., with more densely spaced markers) correlated better with diversity, a finding that suggests that fine-scale recombination rates are more reliable when they can be obtained. McGaugh et al. (2012) extended this work to three complete chromosomes, not only confirming heterogeneity, but showing that estimates could be replicated using crosses of different strains. Importantly, McGaugh et al. (2012) also sequenced 10 additional D. pseudoobscura genomes (along with those of other close relatives) and observed the predicted correlation between recombination rate and diversity. Stevison and Noor (2010) observed a similar relationship between fine-scale recombination rate and diversity in closely related D. persimilis.
Although previous polymorphism-based studies on natural selection codon usage in D. pseudoobscura have relied on hundreds of variable sites, the Chromosome 2 data from McGaugh et al. (2012) provide tens of thousands of variable sites. These data, therefore, allow us to much more thoroughly investigate the effects of natural selection on codon usage in this species. In addition to providing increased statistical power to detect subtle effects, it becomes possible to subdivide data and retain statistical power to test for differential effects. In particular, we investigate whether variation among amino acids in the degree of codon bias can be explained by variation in selection intensity. Furthermore, because of its generally higher recombination rate, analysis with D. pseudoobscura provides a valuable contrast to D. melanogaster.
As expected, we observe a fairly strong correlation between recombination rate and diversity. Although other composition-biasing influences may be influencing patterns of diversity, most notably G/Cbiased gene conversion (Marais et al. 2001 (Marais et al. , 2003 Singh et al. 2005) , a comparison of SFSs of synonymous and intron sites shows that the SFS shifts are significantly stronger at synonymous sites. Therefore, although selectively neutral influences may be partially responsible for the observed SFS shifts, the data support an influence of natural selection on codon usage. Furthermore, differences among subsets of codons in the SFS shifts are consistent with the differential influence of natural selection. We do not, however, find that selection on codon usage is consistently weaker in areas with lower estimates of recombination rate in D. pseudoobscura.
MATERIALS AND METHODS

Data set
Chromosome 2 was recently sequenced in 10 strains of D. pseudoobscura, along with one strain of the outgroup D. lowei, using Illumina platforms (McGaugh et al. 2012 ) (National Center for Biotechnology Information sequence read archive accession numbers SRA044960.1, SRA044955.2, and SRA044956.1). The reference strain of D. pseudoobscura (Richards et al. 2005) v2.9 was also included in analyses. The D. pseudoobscura strains represent nearly isogenic lines generated by full-sibling matings over several generations (Machado et al. 2002; McGaugh et al. 2012) . Population structure is very limited in D. pseudoobscura (Schaeffer and Miller 1992; Noor et al. 2000) , making it unlikely that the choice of strains, including the reference strain, would influence patterns of diversity. Of the 55 possible pairwise contrasts, 10 of the 11 that showed the lowest pairwise difference at synonymous sites included the reference strain. The reference strain also contributes the smallest number of derived singletons to the polymorphism data set, suggesting that, if anything, there are fewer sequencing errors in the reference strain than in the others.
Genes
Genes were excluded from analysis if any of the following criteria were met in the reference sequence: the annotated start codon was not AUG; the annotated stop codon was not UGA, UAG, or UAA; any amino acid codon was incompletely resolved; there was a premature stop codon; or the intron/exon boundaries were noncanonical. A total of 3548 genes met all inclusion criteria. 
Recombination rates
Estimates were obtained from a pair of testcrosses (Flagstaff and Pikes Peak) described in McGaugh et al. (2012) . The Flagstaff testcross involved two strains from Arizona bearing the "Arrowhead" arrangement on chromosome 3; the Pikes Peak testcross involved two lines from New Mexico bearing the "Pikes Peak" arrangement on chromosome 3. As these authors noted, recombination rates estimated from the independent testcrosses were very similar along Chromosome 2 (Figure 1 ). Estimates were obtained for 140 segments in the Flagstaff cross and for 158 segments in the Pikes Peak cross. Except near the ends of the chromosome, most positions are represented in both recombination maps. Unless otherwise stated, for all analyses, the average of the two recombination rates was used for these positions.
Site inclusion criteria
For each sequence, excluding the reference strain, a base was considered unresolved ('N') if either the phred consensus quality score was below 30 or the depth of coverage in the alignment was below 15 · . To be included in the analysis, an intron site or complete codon (i.e., all three sites) had to be completely resolved in all 12 strains. A total of 35,376 codons meeting these criteria displayed synonymous polymorphism in D. pseudoobscura. Of these, 33,755 segregated two character states; 26 of these loci were in regions for which no recombination rate has been obtained (McGaugh et al. 2012 ) and were excluded from analyses involving recombination. A total of 68,332 intron sites meeting the inclusion criteria were polymorphic in D. pseudoobscura; of these, 65,266 segregated two character states.
Statistical analyses
Statistical analyses were performed using R v3.0.1 for Mac OS X (the R Foundation for Statistical Computing), implemented in RStudio v0.97.551 (RStudio 2013).
Inference of preferred codons
Following Hey and Kliman (2002) , preferred codons were inferred by factor analysis on the 59 codons that encode the 18 degenerate amino acids. Only genes that used all 18 amino acids were included in the factor analysis. The primary factor was polarized, such that values correlated positively with Chi/L (Shields et al. 1988) and negatively with effective number of codons (Wright 1990) ; both are measures of uneven codon usage, with Chi/L increasing and ENC decreasing as codon usage becomes less even. Codons that loaded positively on the primary factor were considered "preferred." The degree of preference (or "preference score") of each codon was defined as its loading score (Llopart et al. 2008) .
For each synonymous polymorphic site, Dpref was defined as pref derived 2 pref ancestral , where pref derived and pref ancestral are the codon preference scores for the derived and ancestral states, respectively, as inferred by parsimony (Llopart et al. 2008) . For convenience, a site is defined as P/U if Dpref is negative, and as U/P if Dpref is positive. This designation is not clear-cut for amino acids with degeneracy above 2; for example, a mutation may substitute one preferred codon with another preferred codon. However, for our analyses, the polarity of the fitness effect is more important than the assignment of "preferred" or "unpreferred."
Analysis of diversity SFS of derived preferred vs. derived unpreferred codons (or similar contrasts) were compared using parametric and nonparametric tests (Akashi and Schaeffer 1997) , as well as a permutation test (Llopart et al. 2008 ; described in context under Site frequency spectra relative to Dpref).
RESULTS
Inference of preferred codons
All C-ending codons, and all but three G-ending codons, are preferred in D. pseudoobscura. All A-and T-ending codons are unpreferred (Table 1) .
Estimates of diversity, divergence, and codon bias Synonymous sites were counted taking into account the degeneracy of codons. For example, a fourfold degenerate codon would provide one synonymous site, whereas a twofold degenerate codon would provide 1/3 of a synonymous site. A total of 543,985 synonymous sites and 2,746,629 intron sites were completely resolved in all 12 strains. The Watterson (1975) Figure 2A , synonymous diversity increases with recombination rate (defined by the n upper bound of the category) until about 2 cM/Mb, at which point diversity levels off [r = 0.800, 21 degrees of freedom (d.f.), 1-tailed P , 10 25 ]. A very similar relationship is observed for intron diversity (r = 0.703, 21 d.f., 1-tailed P , 10 24 ) ( Figure 2B ). However, there is no clear relationship between recombination rate and the frequency of optimal codons [F op , a measure of preferred codon usage (Sharp and Devine 1989) ] (r = 0.209, 21 d.f., 1-tailed P = 0.158) ( Figure 2C ). Synonymous diversity varied spatially along Chromosome 2. Using the 142 segments defined by the Flagstaff recombination map (the 140 regions with recombination rate estimates, along with the two external regions), there is obvious heterogeneity in levels of synonymous diversity ( Figure 3A ). However, there is also considerable variation in the number of sites analyzed, with as few as 14 sites to as many as 22,635. With a median of 2897 sites per segment, 18 of the 142 segments had fewer than 1000 sites, and 29 had more than 5000 sites. When only the latter are plotted to minimize sampling error ( Figure 3B ), diversity is clearly reduced at the two ends of the chromosome, and it is also somewhat suppressed in the center of the chromosome. As expected based on the analysis of recombination rate classes, there is a positive correlation between recombination rate in each segment and synonymous diversity (r = 0.533, 2-tailed P = 0.0026 for the regions with at least 5000 sites). The correlation, although slightly weaker (r = 0.350), remains highly significant (P , 10 24 ) when all regions are included. For intron sites, the correlation between diversity and recombination rate is somewhat weaker, but still significant, for regions with at least 5,000 sites (r = 0.268, n = 120, P = 0.0029). However, when regions with fewer sites are included, the correlation is lost (r = 20.029). In contrast to diversity, variation along Chromosome 2 in F op appears to be negligible (Figure 3, C and D) . Results were qualitatively similar, including the significant correlation between recombination rate and either synonymous or intron diversity, using the Pikes Peak recombination map (data not shown).
Site frequency spectra relative to Dpref Under a constant-N e Wright-Fisher neutral model, the relative frequency of sites with d-derived states is 1/d, such that the expected mean d is (k 2 1)/a, where k is the sample size and a is the sum of 1, 1/2, ..., 1/(k 2 1) (Fu 1995) . For k = 11 D. pseudoobscura sequences, we expect 3.414 derived states/site. Overall, our data for synonymous polymorphic sites indicate a shift of the SFS toward lower values, with a mean of 2.59 derived states/site. For intron sites, the mean was 2.279 derived states/site. However, there are noticeably raised tails in the SFSs, likely due in part to ancestral state misassignment (ASM; discussed in Impact of ASM).
n Table 2 Estimates of synonymous divergence and diversity If natural selection is acting on codon usage, then the SFSs for P/U and U/P changes should be shifted relative to each other; i.e., the SFS for U/P changes should be shifted toward higher values (Akashi and Schaeffer 1997) . Consistent with natural selection, the synonymous SFS was shifted toward higher values for the 9918 U/P sites (mean = 3.395) than for the 23,811 P/U sites (mean = 2.258) (Figure 4) . However, the SFS for the U/P sites is not rightshifted relative to the expectations of a constant-N e Wright-Fisher neutral model; this may indicate a demographic effect on diversity, such as historically increasing N e (Tajima 1989a) . The difference between U/P and P/U sites is highly significant using either a 1-tailed Student's t-test (t.test in R, t = 33.715, P , 10 215 ) or a 1-tailed Mann-Whitney U-test (following Akashi and Schaeffer (1997) ) (wilcox.test in R, P , 10 215 ).
Given that singletons (i.e., sites with 1 or 10 individuals carrying the inferred derived state) are the most likely polymorphic sites to represent sequencing errors, the analyses were repeated excluding 5045 U/P and 14,912 P/U singletons. The SFS shift remained highly significant (U/P mean = 4.456; P/U mean = 3.767; t = 16.807, P , 10 215 ; U-test, P , 10 215 ). Under a constant-N e WrightFisher neutral model, the expected frequency of derived states per nonsingleton site would be 4.374. Thus, the SFS for U/P sites was shifted slightly toward higher values, whereas that for P/U sites was shifted toward lower values.
Analyses were repeated for each amino acid. In every case, the SFS was shifted toward higher values for U/P sites than for P/U sites, although there was variation among amino acids in the extent of the shift (see Variation among amino acids in the SFS shift). The results were qualitatively unchanged when singletons were excluded (Table 3) . Llopart et al. (2008) proposed an alternative test, based on the prediction that natural selection should lead to a positive relationship between d and Dpref. Computationally, the sum of d · Dpref can serve as a proxy for a correlation or regression coefficient; therefore, 1-tailed statistical significance can be estimated from the proportion of random permutations of d vs. Dpref that lead to a higher sum of products. The test is significant for all amino acids (including or excluding singletons; see Table 4 ), as well as for all sites pooled. Llopart et al. (2008) also proposed a modification to the test to correct for ASM. Essentially, a simple Bayesian approach was suggested to calculate a posterior odds ratio of correct assignment by parsimony to ASM. The likelihood ratio was based on the neutral SFS in a constant-N population: likelihood ratio = (k 2 d)/d, where Sites frequency spectrum for synonymous polymorphic sites. Shown are sites that segregate two codons and fall within a region for which recombination rate was estimated. "P to U," a change to a more unpreferred codon; "U to P," a change to a more preferred codon.
d is the frequency of derived states assuming parsimony, k is the number of individuals in the sample (here, 11), and k 2 d is the number of derived states when parsimony is incorrect (i.e., when there is ASM). The prior odds ratio is the relative probability of no mutation on the branch connecting the outgroup to the base of the ingroup coalescent to the probability of a single mutation on that branch:
whereD andû are estimates of divergence and diversity, respectively. Thus, following Llopart et al. (2008) , the posterior odds ratio is calculated as:
The permutation test can then be performed after randomly assigning an ancestral state for each site using the posterior odds ratio. As shown in Table 4 , this usually slightly more conservative test (using distinct estimates of u and D for each amino acid) remains significant for all analyses. . In fact, mean d for U/P changes exceeded mean d for P/U changes in all five regions with recombination estimates of 0, the difference ranging from 0.804 (interval 152, n = 258) to 2.011 (interval 151, n = 133). One-tailed Mann-Whitney U-tests were significant after sequential Bonferroni correction (Rice 1989) for four of the five contrasts. The permutation test on each of the five regions produced similar results; all five tests were significant after Bonferroni correction assuming parsimony, and three were significant after Bonferroni correction when allowing for ASM. Therefore, if the slope of the regression line corresponds to effectiveness of selection on codon usage, there is only equivocal evidence for an effect of low recombination in D. pseudoobscura.
Variation among amino acids in the SFS shift As noted previously, for all amino acids, the average frequency of derived states at synonymous polymorphic sites was greater for P/U changes than for U/P changes. This result is consistent with natural selection on synonymous codon usage. However, it is also consistent with the G/C-biased gene conversion (although recent work by Comeron et al. (2012) suggests that that this does not occur in D. melanogaster). In the latter, individuals heterozygous for a preferred and an unpreferred codon will usually be segregating a pair of purines or a pair of pyrimidines at the synonymous site (usually the third position of a codon). If heteroduplex intermediates generated during crossing-over tend to resolve toward G or C, then this process could lead to shifts in the SFS even if crossing-over is not, itself, mutagenic.
In the standard genetic code, there are 16 T/C-ending synonymous codon pairs and 13 A/G-ending synonymous codon pairs. Although the degree of bias varies, C-or G-ending codons are usually used disproportionately (Table 5 ). The C-ending codon is always used disproportionately, although barely so for Asp (50.5% C-ending). For the A/G pairs, the G-ending codon is used disproportionately in all cases except for Gly, where unpreferred GGG is used less often than unpreferred GGA. For all 29 pairs, the average frequency of derived states per polymorphic site is higher for T/C or A/G sites than for corresponding C/T or G/A sites. If biased gene conversion is responsible for these SFS shifts, the magnitude of the shifts should be similar for all codon pairs (at least within the A/G or C/T class). There is, however, considerable variation among codon pairs in relative codon usage and the difference in derived states/site (Table 5 ). For C/T pairs, two-way analysis of variance [ANOVA; codon pair by direction (C/T vs. T/C)] indicated highly significant effects of codon pair (F 15,12681 = 3.859, P , 10 26 ) and direction (F 1,12681 = 730.5, P , 10 215 ), as well as a highly significant interaction effect (F 15,12681 = 3.250, P , 10 24 ). Similar results were obtained for A/G pairs (site type: F 12,9514 = 2.841, P , 10 24 ; direction: F 1,9514 = 576.1, P , 10 215 ; interaction: F 12,9514 = 5.607, P , 10 28 ). For the C/T pairs, the difference in mean d correlates moderately with the difference in the preference scores between the C-and T-ending codons, although not well with the degree of bias ( Figure 5, A and B) . For the A/G pairs, the difference correlates well with degree of bias, and somewhat with the difference in G-and A-ending codon preference scores ( Figure 5 , C and D).
It is worth contrasting the SFS shifts for codons to those of introns, as shifts in SFSs may provide insight into composition-biasing process, such as biased gene conversion. Using D. lowei to infer the ancestral states, the SFSs for all 12 possible changes were obtained. Of particular note are those for C/T, T/C, G/A, and A/G, because these mirror the changes discussed previously for codons. The differences in mean derived states/site, although highly significant, are not as pronounced for introns as they are for synonymous sites. For C/T and T/C, mean d was 1.977 and 2.802, respectively (a difference of 0.825). This contrasts with means of 2.231 and 3.582, respectively, for all C/T-segregating codons (a difference of 1.351). Two-way ANOVA on d (Table 5 ) indicated highly significant effects of site type (intron vs. codon) and direction, as well as a site type · direction interaction. Similarly, for G/A and A/G intron sites, mean d was 1.939 and 2.885, respectively (a difference of 0.946). This contrasts with means of 2.187 and 3.614 for all G/A-segregating codons (a difference of 1.427). Again, two-way ANOVA on d indicated highly significant effects of site type and direction, as well as a strong site type · direction interaction. The site type · direction interaction effects indicate significantly larger shifts in codons relative to introns, as expected if the SFS shifts in codons are due to selection, and not only a composition-biasing influence shared by all sites, such as G/Cbiased gene conversion.
It is worth noting that restricting the analysis to the much smaller subset of sites in small introns does not qualitatively affect the results. Following Halligan and Keightley (2006) , who proposed that short introns were less constrained than longer introns, sites were restricted to introns of 80 bp or shorter, excluding the first nine and last eight bases adjacent to splice junctions. There were 2414 C4T sites and 1544 G4A sites. The SFS shift for C4T sites was slightly reduced (0.645), whereas the SFS shift for G4A sites (0.935) was essentially unchanged.
Mean d in introns was nearly identical for G/C and C/G (2.341 and 2.375, respectively) and for A/T and T/A (2.117 and 2.174, respectively); neither difference was statistically significant. Two-way ANOVA indicated only significant effects of site type (intron vs. codon); of note, there was no significant interaction effect (nor was there a significant direction effect). Intermediate results were obtained for G/T vs. T/G and C/A vs. A/C (both favoring changes toward G or C); all three effects in the ANOVA were significant. The general implication is that the forces shifting SFSs for synonymous codon pairs are stronger than those for introns, consistent with previous observations in Drosophila (De Proce et al. 2012) . Therefore, although there may be some effect of biased gene conversion on codon usage, this is insufficient to explain our observations. n 
DISCUSSION
Our analyses corroborate the likely influence of natural selection on codon usage in Drosophila, specifically D. pseudoobscura. We also observe, as expected, a positive correlation between diversity and recombination rate. As shown by Kulathinal et al. (2008) , this association is stronger when recombination is estimated at a finer scale. However, in contrast to analyses on D. melanogaster, we observe no significant association of codon bias with recombination rate, despite considerable statistical power and reliable estimates of recombination rate at the finer scale advocated by Kulathinal et al. (2008) . Evidence from polymorphism data for reduced natural selection on codon usage in areas of low recombination in our dataset is limited at best. It is possible that recombination rate is recently reduced in these areas, such that N e -reducing effects on diversity of linkage (especially by positive selection on recent beneficial mutations) are apparent, but the N e remains sufficient for effective selection. Changes in codon bias would not become apparent for some time, given that this requires accumulation of synonymous substitutions. Both findings indicate that recombination rate across chromosome 2 exceeds the threshold necessary for effective natural selection. Recombination rates in D. pseudoobscura are generally higher than those estimated for D. melanogaster (Comeron et al. 2012) . In D. melanogaster, 21% of intervals had recombination rate estimates below 0.5 cM/Mb, in contrast with 6% in D. pseudoobscura. Although 59% of intervals had recombination rates above 1.5 cM/Mb in D. melanogaster (56% for autosomal regions only), this value was exceeded in 82% of intervals in D. pseudoobscura. Furthermore, while the local N e could effectively vary across the chromosome due to the N e -reducing effect of selection on linked sites in areas of lower recombination, the generally higher N e in D. pseudoobscura may mitigate the Hill-Robertson effect to some extent. That is, the product of N e and s may be sufficient over most of the chromosome for selection to effectively fix the optimal codons.
Distortion of the SFS
The shape of the overall SFS for the 32,729 synonymous polymorphic sites clearly differs from that expected for neutral variants in a constant-N population. First, the proportion of derived singletons (55.1%) is much higher than the 34.1% expected in a population of constant size (Figure 6 ). Second, there is a raised "tail" in the SFS, with more sites having 10 derived states than 9 derived states.
Biological explanations for an excess of singletons include purifying background selection (Charlesworth et al. 1993 ) and population expansion (Tajima 1989a) , both of which distort the coalescent of a population with constant N e to increase the relative lengths of branches upon which mutations would be observed as singletons (Tajima 1989a,b) . Background selection or a demographic influence on the SFS should affect U/P and P/U sites similarly, but we observe a significantly stronger shift toward low-frequency derived states in P/U sites. Therefore, while both influences may be at work in D. pseudoobscura, they are not sufficient to explain our observations. In addition to demographic effects, an excess of singletons can arise, in principle, from sequencing error. With a low value of u, most sites in a small sample (here, k = 11) would be invariant. A single error at an invariant site would produce an apparent singleton. Additional errors would add to the remainder of the SFS, but assuming that errors are independent, the impact would be seen mainly on singletons. Assuming a 0.1% error rate (equivalent to a phred consensus quality score of 30), following the binomial distribution, 98.91% of truly invariant sites would be observed as invariant. However, 1.09% of invariant sites would be apparent singletons, whereas only 5.5 · 10 23 % would appear to have two derived states (assuming that all errors produce the same character state). Likewise, 99.00% of true singletons would be observed as singletons, whereas 0.99% would present as having two derived states (i.e., be observed as "doubletons") and 4.4 · 10 23 % would present as having three derived states. This approach can be extended to all possible values for true and observed derived states (i.e., for a true invariant site appearing to have 1, 2, ... 10 derived states; for a true singleton appearing to have 2, 3... 10 derived states; and so on), ultimately leading to 42.3% of sites having one apparent derived state. This is well below the observed value of 55.1%, which would require an error rate of approximately 0.33%. Given the requirements of consensus quality scores of 30 or better, a minimum of 15 · coverage in highly inbred strains, and full resolution of all three codon positions in every strain (including the outgroup), sequencing error alone does not explain the high proportion of singletons observed.
It is further unlikely that the resequencing using the Illumina platform is leading to an accumulation of false As and Ts. Across a range of genomic G+C contents, Nakamura et al. (2011) found that A/T/G/C errors were more likely than G/C/A/T errors. Although Illumina sequencing is more prone to base call errors than either ABI SOLiD or Roche 454 (Liu et al. 2012) , error bias is unlikely to explain our observed shifts in SFSs. Most A/T/G/C polymorphic sites reflect U/P changes in D. pseudoobscura yet the proportion of singletons is much lower for U/P sites (43.1%) than it is for P/U sites (60.7%; Figure 4 ).
SFS differences among codon pairs
The SFS data are consistent with an influence of natural selection on codon usage in D. pseudoobscura, corroborating previous studies (Akashi and Schaeffer 1997; Haddrill et al. 2011) . Additionally, the data indicate that intensity of selection varies among synonymous mutations. Vicario et al. (2007) previously proposed this possibility in a comparison of codon usage in the genomes of 12 Drosophila species. Although there is a correspondence between codon bias and SFS shifts consistent with differential selection, the nature of that differential selection is uncertain. Selection does not appear to be strongest on the more common amino acids within a degeneracy class, as might be expected for selection on efficiency of translation. For example, phenylalanine and tyrosine are used at an intermediate level among the C/T-ending twofold degenerate amino acids, despite showing the strongest SFS shifts in this class. Alanine is the most commonly used fourfold degenerate amino acid, but its SFS shifts for C4T and A4G changes are intermediate within the degeneracy class. On the other hand, for sixfold degenerate amino acids, leucine and serine are used more often than arginine (and are among the most used amino acids overall) and show much stronger SFS shifts for changes in the fourfold degenerate subsets; in fact, their SFS shifts are among the strongest observed in this analysis. Vicario et al. (2007) proposed ad hoc explanations for stronger selection on some amino acids (e.g., for accurate translation of disulfide bridge-forming cysteine or for accurate and efficient translation of heavily used hydrophobic leucine). Potential influences of isoaccepting tRNA pools on codon bias have been identified for Drosophila Powell and Moriyama 1997) , but these authors note that pools likely change over time within an individual (White et al. 1973) and that this plasticity may itself influence codon bias among amino acids. Furthermore, the complement of tRNA genes likely changes over evolutionary time in Drosophila, with evidence of numerous gains, losses, and reassignments (Rogers et al. 2010) . The observed slightly stronger shifts for A4G vs. C4T synonymous changes may reflect differences in composition-biasing influences, as reflected in corresponding SFS shifts for introns. It is, therefore, probably premature to speculate too extensively on the bases of differential selection among amino acids. That this main result is not an artifact of sequencing error is reinforced by differences among codon pairs in the proportion of derived singletons and the proportion of polymorphic sites. Variation in the proportion of derived singletons among all 16 ancestrally C-ending codons is not quite significant (G = 24.91, 15 d.f., P = 0.0511), and there is no significant variation for ancestral T-ending codons (G = 14.85, 15 d.f., P = 0.462). However, variation in the proportion of derived singletons is significant for both ancestral G-ending (G = 21.42, 12 d.f., P = 0.0445) and A-ending codons (G = 22.98, 12 d.f., P = 0.0279).
For C/T codon pairs, 3.25% of ancestral C-ending codons are polymorphic, whereas 2.51% of ancestral T-ending codons are polymorphic; this difference is highly significant (G test of independence, G = 189.4, 1 d.f., P , 10 215 ). Although this finding could indicate a higher probability of C/T errors (which is not likely with Illumina platforms; see Distortion of the SFS), there is considerable variation among C/T codon pairs in the proportion of polymorphic ancestral C-ending codons (G test of independence: G = 199.3, 15 d.f., P , 10 215 ) and polymorphic T-ending codons (G = 197.4, 15 d.f., P , 10 215 ). Similar results were obtained for G/A codon pairs; 3.13% of ancestral G-ending codons were polymorphic and 2.22% of ancestral A-ending codons were polymorphic (G = 224.5, 1 d.f., P , 10 215 ) . However, the proportions varied among codon pairs (ancestral G-ending: G = 102.2, 12 d.f., P , 10 215 ; ancestral A-ending: G = 42.7, 12 d.f., P , 10 24 ) (see Table 6 for proportions). Examining codon pairs from fourfold degenerate sites only, G tests remained significant for all four ancestral bases (all P-values below 10 24 ). Likewise, for twofold degenerate sites only, G tests were highly significant for ancestral C-ending and T-ending codons (P , 10 215 ) and for ancestral G-ending codons (P = 0.00012); however, there was no significant heterogeneity among codon pairs for ancestral A-ending codons (P = 0.403). Thus, there is considerable variation in the proportion of polymorphic codons, even within similar degeneracy classes, a result that does not support a major role for sequencing error, but is consistent with differences among codon pairs in the influence of weak selection.
Impact of ASM
The raised tail of the SFS may be explained by ASM, especially if the SFS is already left-shifted. Under a model with constant N e , we expect a ratio of 10:9 for sites with 9 vs. 10 derived states. However, if we allow ASM with a probability of 1/(LR+1), where LR is the likelihood ratio in Equation 1, we can solve for the value of divergence required for a given value of u that would lead to a 1:1 ratio by (a) factoring in sites with 1 or 2 derived states that present as having 10 or 9 derived states and (b) factoring out sites with 10 or 9 derived states that would present as having 1 or 2 derived states. For our u = 0.0222, a divergence of 0.0424 would be sufficient and would lead to 4.1% of sites presenting 9 and 4.1% of sites presenting 10 derived states under a constant-N model. While both values exceed our observations, the excess of n Table 6 Summary data for C/T and G/A segregating and fixed different codon third positions singletons by necessity decreases the proportion of sites in the remainder of the remainder of the SFS. We estimated per-site synonymous divergence at 0.0763, which leads to a slightly raised tail (a ratio of 1.12 for 10:9 derived states); we observed a ratio of 1.54.
If we assume a constant-N model, but with ASM and a sequencing error rate of 0.1%, we can begin to approach the observed SFS ( Figure  6 ). However, we still observe an excess of singletons; we still need a much higher error rate to approach the observed SFS. In fact, for P/U sites, the error rate would have to be approximately 0.54% to produce the extreme left shift. It is not possible to reproduce the SFS for U/P sites, with a slight excess of singletons and a markedly raised tail, with sequencing error and ASM alone.
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